ABSTRACT: The optimization of photoluminescence spectral linewidths in semiconductor nanocrystal preparations involves minimizing both the homogeneous and inhomogeneous contributions to the ensemble spectrum. Although the inhomogeneous contribution can be controlled by eliminating interparticle inhomogeneities, far less is known about how to synthetically control the homogeneous, or single-nanocrystal, spectral linewidth. Here, we use solution photon-correlation Fourier spectroscopy (S-PCFS) to measure how the sample-averaged single-nanocrystal emission linewidth of CdSe core and core/shell nanocrystals change with systematic changes in the size of the cores and the thickness and composition of the shells. We find that the singlenanocrystal linewidth at room temperature is heavily influenced by the nature of the CdSe surface and the epitaxial shell, which have a profound impact on the internal electric fields that affect exciton−phonon coupling. Our results explain the wide variations, both experimental and theoretical, in the magnitude and size dependence in previous reports on exciton−phonon coupling in CdSe nanocrystals. Moreover, our findings offer a general pathway for achieving the narrow spectral linewidths required for many applications of nanocrystals.
Q uantum dots (QDs) are semiconductor materials whose defining feature is that the wave functions of excited electron−hole pairs ("exciton") are confined in all directions by the small spatial dimensions of the particle. As a result, the photophysical properties of these materials are determined not only by their material composition but also by their size and structure. Most strikingly, the energy of the exciton can be tuned simply by changing the particle size. 1 The chemically synthesized version of quantum dots are colloidal suspensions of crystalline material, that is, nanocrystals or NCs. With advances in synthetic methodology, NCs have been made with high monodispersity, 2 quantum yield, 3 and photostability 4 from the visible 2 to the midwavelength infrared. 5, 6 These properties, in addition to their solutionprocessability and amenability to different types of environments, have made nanocrystals attractive for incorporation into optical applications such as biological imaging, 7 displays, 8 LEDs, 9 lasers, 10, 11 photovoltaics, 12,13 solar concentrators, 14, 15 and more. 16 Despite the continual improvement of synthetic methods, a property of nanocrystals that has remained elusive to rational design is the emission linewidth. This lack of synthetic control has hindered the performance of many applications, such as displays or biological multiplexing, because they require reproducibly synthesized narrow linewidths for optimal performance.
The ensemble photoluminescence spectrum of a sample of nanocrystals is defined by the convolution of the average emission spectrum of the individual particles (homogeneous broadening) and the distribution of emission wavelengths of the particles in the sample (inhomogeneous broadening) ( Figure 1 ). Many synthetic methods have sought to achieve narrow spectral linewidths by eliminating interparticle polydispersity. In fact, our group has demonstrated that CdSe/CdS core/shell nanocrystals can be synthesized with near-perfect chromatic homogeneity. 4 However, this approach addresses only one of the factors that determine the overall ensemble emission linewidth. Even the most monodisperse of samples will not have a narrow spectral linewidth if the spectra of the individual particles is inherently broad. Further efforts to maximize the utility of nanocrystals for optical applications must address the synthetic control of the single-emitter contribution to the spectral linewidth.
The single-nanocrystal spectrum is understood to originate from broadening of the lifetime-limited "natural" spectrum through interactions of the exciton with its environment. 17 In Figure 1 , we highlight several of the key spectral-broadening mechanisms found in single nanocrystals. Spectral diffusion is a phenomenon that is commonly observed at cryogenic temperatures. Typically photoinduced, fluctuations in local electric fields due to migrating charges can lead to spectral shifts due to the Stark effect. 18−20 At room temperature, however, spectral diffusion has been found to be negligible on submillisecond time scales in CdSe core/shell nanocrystals. 21 Excitonic coupling to phonons within the nanocrystal serves to dephase any given electronic transition and to produce phonon sidebands, where emission is energetically displaced from the zero-phonon transition. These interactions, which can occur via various mechanisms with different types of phonons, have been the topic of numerous conflicting reports on both the coupling strength and dependence with nanoparticle size.
22−27
Further complicating matters is that the ground-state exciton in nanocrystals can consist of multiple electronic fine-structure states, several of which are optically active. 28 Depending on the energy differences between fine-structure states and the temperature of the system, emission can originate from multiple electronic states, each with its own phonon coupling properties. Understanding the interplay of these mechanisms in single nanocrystals is not only integral to our fundamental understanding of excitonic emission, but also to the synthesis of nanostructures with narrow spectral linewidths.
Ideally, the single-nanocrystal contribution to the ensemble spectrum can be experimentally determined by spatially separating the particles and studying the photoluminescence spectra of individual particles one at a time. 20, 29, 30 However, because of heterogeneity between particles within a sample batch, it can be difficult to ascribe properties measured from single nanocrystals to the entire sample and, more importantly, to changes in chemical synthesis. The process of building ensemble statistics from individual particles is tedious, prone to selection bias, and susceptible to artifacts such as photodegradation or unwanted interactions with the environment. A more robust and reliable method for establishing the link between synthesis and single-nanocrystal spectra is solution photon-correlation Fourier spectroscopy (S-PCFS).
Rather than measuring the spectrum of one nanoparticle at a time as in traditional single-particle photoluminescence spectroscopy, S-PCFS parses the photon stream from nanocrystals diffusing through a laser focal volume into photon pairs from the same emitter and photon pairs from different emitters. 31, 32 With this approach, we can probe the spectral information of single nanocrystals in their native environment at fast time scales with short exposure times, without user selection bias, and with ensemble-level statistics. S-PCFS has proven to be a reliable and robust probe of spectral dynamics (or the lack thereof) 21 as well as spectral homogeneity and inhomogeneity in nanocrystals at room temperature. 32, 33 S-PCFS measures the spectral correlation function p single (ζ, τ) for the average single emitter in an ensemble, where ζ is the energy difference and τ is the temporal spacing between photon pairs. 32, 34 An ef fective spectral line shape (ESL) is then inferred from the spectral correlation. In the case of nanocrystals at room temperature, the underlying spectrum can be approximated as a superposition of Gaussian functions because the spectrum is singly peaked and nearly symmetric. The full-width at half-maximum of this effective spectral line shape is taken to be the "single-nanocrystal linewidth" averaged over the entire sample. 33 In this work, we explore the single-NC linewidth of CdSe particles with systematic differences in size, shell thickness, and shell composition. Our results indicate that a major contribution to the single-NC linewidth is coupling to longitudinal optical (LO) phonons. These couplings are highly dependent on the nature of the CdSe surface and shell because of the sensitivity of the Froḧlich coupling mechanism to internal electric fields. The ground-state exciton fine structure is also believed to contribute a small but non-negligible component to the single-NC linewidth. From these considerations, we lay down a pathway towards the rational optimization of single-NC linewidths through chemical synthesis.
We first test our understanding of the fundamental physics of the spectral linewidth in nanocrystals by investigating the defining feature of quantum-confined systems: the dependence Figure 1 . An ensemble spectrum consists of the intrinsic single-emitter spectrum convolved with the interparticle inhomogeneities. The single-emitter spectrum arises from a combination of exciton−phonon coupling of the lifetime-limited "natural" spectrum, spectral dynamics, and emission from fine-structure states. on size. As we show below, the precise nature of the nanocrystal surface plays a significant role in the width of the single-NC spectrum. With this complexity in mind, we performed two sets of syntheses to ensure consistency in our synthetic procedure. For the first set of CdSe cores, we drew aliquots from the flask as CdSe cores grew following a hot injection. In the second set, we performed the same procedure but for multiple batches of CdSe cores.
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As can be clearly seen in Figure 2 , the single-NC linewidth decreases nearly monotonically with increasing particle size. This is the case for aliquots drawn from a single synthetic batch and from different batches. The quantitative linewidth values are in good agreement between the two sets of measurements, indicating consistency in experimental execution of both synthesis and spectroscopy. It is evident from this result that for CdSe cores, the single-NC linewidth decreases significantly and nearly monotonically as the particle size increases.
This result has two implications. First, though classical nucleation theories predict size focusing during particle growth, the attribution of size focusing to a given synthesis cannot be made purely on the basis of the width of the ensemble spectrum. 35 Figure 2 shows that the ensemble spectrum will narrow with core growth even without size focusing. Second, this result provides a peek into which sources of homogeneous broadening (Figure 1 ), exciton−phonon coupling or finestructure emission, make major contributions to the average linewidth that we observe.
The ground-state exciton in CdSe nanocrystals is understood to be 8-fold degenerate in the particle-in-a-sphere approximation. 28, 36 These electronic states are split into optically active ("bright") and optically inactive ("dark") states once the size, shape, and crystal structure of the particle are taken into account. Because the energy splitting between bright finestructure states is often calculated to be less than the thermal energy k B T, 36,37 the room-temperature single-NC emission spectrum is expected to have some contribution from multiple states.
In the case of Figure 2 , such a large change in spectral linewidth cannot be explained solely by a change in the finestructure energy splittings. A simple calculation of offset Gaussian functions weighted by the Boltzmann factor shows that the exciton fine structure should not contribute more than ∼8 meV to linewidth changes (see Supporting Information). Thus, the linewidth narrowing with increasing size must be due primarily to a decrease in exciton−phonon coupling.
In principle, the single-NC emission spectrum should clearly reflect exciton−phonon coupling in the system. However, room-temperature spectra are broad and often featureless, making it difficult to determine the contributions of specific phonons and the mechanisms involved. Rather than analyzing the spectrum of a single sample, we alter parameters such as the nanocrystal size, shell and composition to better understand the spectral-broadening mechanisms involved. We will show with these measurements that the decreasing exciton−phonon coupling with increasing CdSe core size in Figure 2 is not an intrinsic effect due to quantum confinement, but rather an extrinsic surface-related effect.
In our previous study, we observed that the single-NC linewidth of core/shell nanocrystals can show great variability between different synthetic batches with a strong dependence on the shell. 33 In a particularly striking example, we observed that CdS shell growth leads to significant broadening of the single-NC linewidth. To determine the role of the shell on the sample-averaged single-particle spectral linewidth, we compared three different shell compositions grown on the same cores. A single batch of CdSe cores was split for three different overcoatings performed under nearly identical conditions with similar organometallic precursors: ZnS, CdS, and CdZnS (50% Cd, 50% Zn). Aliquots were drawn during shell growth at points that roughly correspond to the expected number of shell monolayers. Figure 3 shows that in each case, the single-NC linewidth first decreases upon shell growth with a subsequent linewidth broadening with further shell growth. However, the progression of the single-NC linewidth broadening depends on the composition of the shell. Both the linewidth narrowing and broadening suggest that LO−phonon coupling is the predominant mechanism involved. All three samples exhibit an unexpected narrowing of the spectrum with initial shell growth that suggests that an extrinsic surface effect is at play (Figure 3 ). The observed reduction in single-NC linewidth is consistent with passivation of trap states on the surface of the CdSe particles. 38, 39 A reduction in trapped surface charges also reduces excitonic coupling to the LO phonon as the presence of a localized surface charge induces a polarization in the nanocrystal, enhancing LO−phonon coupling. 24, 40, 41 In fact, the presence of an extra charge within a CdSe quantum dot has been predicted to increase LO− phonon coupling by nearly 2 orders of magnitude due to changes in the electron−hole wave function overlap. 42 Our observation, corroborated by prior measurements using resonance Raman spectroscopy, 43−45 is a strong indication that the single-NC linewidth is sensitive to LO phonon coupling. We note that each of these resonance Raman reports observed reductions in CdSe LO−phonon coupling with shell growth despite measurements on slightly different core/shell nanocrystals, in support of a general mechanism in nanocrystals, such as passivating surface charges. Most importantly, however, this observation shows that bare CdSe cores are not appropriate for studies of exciton−phonon coupling because of the significant influence of trapped charges.
Although the narrowing of the single-NC linewidth with shell growth can be explained by an extrinsic effect, the subsequent broadening with increasing shell thickness reflects an intrinsic property of the shell. In the case of ZnS shell growth, we measure little-to-no broadening of the single-NC linewidth. In contrast, the CdS and CdZnS shell growth lead to significant linewidth broadening, in accordance with what was observed in ref 33 . We emphasize that this broadening occurs despite having used a different CdS overcoating protocol in ref 33 , suggesting that it is an intrinsic effect. As in the case of Figure 2 , the very large linewidth changes observed for the CdZnS and CdS shell growths cannot be due solely to changes in the exciton fine structure. This dramatic linewidth broadening is consistent with an increased Froḧlich interaction due to a decrease in the wave function overlap between the electron and hole wave functions and stronger coupling to phonons in the shell.
CdSe/ZnS core/shell particles are believed to be Type-I heterostructures. That is, the electron and hole are largely confined to the core. On the other hand, CdSe/CdS core/shell particles are often quasi-Type II heterostructures, where the electron wave function leaks into the CdS shell, but the hole remains confined in the CdSe core. 46 As the CdS shell grows, the overlap between the electron and hole wave functions decreases, inducing an increasingly large polarization in the nanocrystal that enhances coupling to LO phonons. In studies of other nanostructures, this effect can be extremely large. 47 Additionally, the exciton can couple to phonons of the shell material as the charge carrier wave functions delocalize into the shell. 48, 49 The fact that Froḧlich coupling is the dominant phonon-coupling mechanism in CdS 50 further suggests that coupling to the shell phonons plays a significant role in the broadening 51 in addition to changes in wave function overlap. The linewidth broadening that is observed with very thick ZnS shells may arise from a combination of several different mechanisms. In an effort to disentangle these different mechanisms, the same CdSe cores that were measured in Figure 2 were used for ZnS overcoating. The overcoating method was similar to that used for the samples in Figure 3 .
In Figure 4a , we show the evolution of the single-NC linewidth for CdSe cores of different sizes with different thicknesses of a ZnS shell. For nearly every size, the single-NC linewidth initially decreases with ZnS shell growth, as discussed with regards to Figure 3 , signifying a reduction in exciton− phonon coupling due to surface passivation. The linewidth then plateaus after several monolayers. For some core sizes, we measured a subsequent increase in the single-NC linewidth with increasing ZnS growth, as in Figure 3 .
Because of the large lattice mismatch between CdSe and ZnS, shell growth imparts considerable strain on the nanoparticle. 48 With increased shell growth, additional strain is placed onto the surface of the cores, forcing reconstruction and relaxation into a distorted lattice with an increased likelihood of defect site formation. 39 The increase in single-NC linewidth with very thick ZnS shell growth can be attributed to either the creation of new trap sites by surface reconstruction or increased electric fields within the nanoparticle due to the piezoelectric effect. 52 The dramatic decrease and increase of the single-NC linewidth in the smallest nanocrystals may be indicative of the fact that smaller nanocrystals are more strained and undergo more substantial reconstruction. 53−55 Despite all of the complexity, the data in Figure 4a suggest that growth of a ZnS shell on CdSe cores eliminates some of the extrinsic sources of enhanced exciton−phonon coupling. In light of this, we examined the narrowest measured linewidths for different sizes of CdSe cores and thicknesses of ZnS shell. In Figure 4b , we plot the single-NC linewidth values for CdSe cores (reproduced from Figure 2 ) against the minimal single-NC linewidth values for the same cores with ZnS shell. Although CdSe cores exhibit a strong size dependence of the single-NC linewidth, the minimal single-NC linewidth is effectively constant (given the error in the measurements as seen in Figure 2 ) over nearly the entire range of sizes for CdSe/ ZnS core/shell particles. This is in agreement with recent reports using resonance Raman spectroscopy. 27, 45 The lack of size dependence in CdSe/ZnS core/shell particles is again likely due to LO phonon coupling. In this "strong confinement" regime, both the electron and hole wave functions are confined by the spatial dimensions of the particle. 42, 56 In this regime, the spatial overlap of the wave functions is very high and thus, there is little change in the LO phonon coupling with size. There appears to be a slight increase in the single-NC linewidth with the smallest particle, but as mentioned before, this may have more to do with the surface strain in such small particles than a confinement-related effect. For larger particles, the increase in single-NC linewidth may reflect a decrease in the overlap between the electron and hole wave functions. Ref 56 has measured the change in wave function localization within CdSe cores and found that when the particle size is larger than a critical size, the hole wave function is no longer extended throughout the entire nanocrystal. Beyond this size, we would expect increased LO−phonon coupling with increasing size as the overlap with the electron wave function decreases.
We note that some of these single-NC linewidth changes may be affected slightly by the exciton fine structure. The exciton fine structure is significantly affected not only by the size of the particles, but the aspect ratio as well. 57, 58 In addition, ZnS shell growth often occurs with a preferential orientation. 59 Without knowing the precise size and shape of the nanocrystals during shell growth, the effect of the fine structure on the single-NC linewidth is unclear. Nevertheless, it is possible that small changes, such as the reddest dots with ZnS growth (Figure 4a ) or the increase in single-NC linewidth for the largest core sizes (Figure 4b ), may arise from an increase in fine-structure splitting. Our current data cannot unambiguously distinguish whether a change in fine structure or phonon coupling is the dominant contribution here. We discuss below further work that could be performed to disentangle the different contributions from each mechanism.
Our results indicate that the single-NC linewidth is a strong function of the LO−phonon coupling in the nanocrystal. There are essentially two types of phonons in nanocrystals that couple to the exciton: low-energy acoustic phonons and higher-energy optical phonons. 22, 23 Phonon coupling to the exciton occurs through a nonpolar deformation potential interaction or a polar interaction (piezoelectric coupling for acoustic phonons and Frolich coupling for optical phonons). The addition of a thin shell (Figures 3 and 4a) is unlikely to dramatically change the way phonons deform the lattice, therefore suggesting a polar interaction at play. Among the polar interactions, piezoelectric coupling to acoustic phonons is expected to be negligible in small nanocrystals, 60 but our data show that the linewidth change with shell is significant for the smallest nanocrystals. What is clear, however, is that a thin shell layer can dramatically reduce trapped charges, 38, 39 which are understood to significantly affect LO−phonon coupling. 24,40−42 Resonance Raman experiments 43−45 support our conclusion that LO− phonon coupling is responsible for these single-NC linewidth changes. The subsequent linewidth broadening with shell thickness, that is highly dependent on the CdS content of the shell (Figure 3) , additionally support the significance of LO− phonon coupling in single-NC linewidth broadening.
The specific nature of the surface appears to strongly dictate the exciton−phonon coupling. For instance, the dependence of the single-NC linewidth on particle size is vastly different for bare CdSe cores than for CdSe/ZnS core/shell particles. The data suggest that trapped surface charges affect the internal fields more for smaller particle sizes simply because of proximity. 18 In the case of core/shell particles, where these surface charges are eliminated (Figure 4b ), a different trend is revealed. We also observe changes in the single-NC linewidth that suggest that surface strain, surface reconstruction, and the nature of the core/shell interface affect the exciton−phonon coupling.
Once we recognize that the crystalline nature of the nanoparticle surface plays a role in exciton−phonon coupling, it is easy to see the limitations of previous theoretical studies on this subject. A consideration of nanocrystals that would be absent in a simple spherical quantum dot model is the internal dipole moment. The ground-state dipole moment of the nanocrystal, which is understood to be primarily along the c axis of the wurtzite crystal, is enhanced because of the presence of polar facets at the ends of this axis. 59,61−63 Moreover, the dipole moment is heavily affected by surface reconstruction and stoichiometry. 62, 64 Changes in this ground-state dipole affect the internal electric fields that govern LO−phonon coupling and must be taken into consideration when studying exciton− phonon coupling. Early theoretical works that predicted extremely small LO−phonon couplings 42 in quantum dots did not consider the fact that the internal dipole could be so strong nor did they consider that the surface of the nanocrystal would influence the internal electric fields so significantly. We note that this concept was hypothesized to affect LO−phonon coupling in nanocrystals at least as far back as 1996 in a review paper which stated, "...other effects, such as the presence of polar crystallographic faces, may act to separate the optically generated electron−hole pair...". 65 Others in the literature have noted the connection between LO−phonon coupling and local electric fields. In ref 18 , spectral shifts at low temperature were understood to occur due to changes in the local electric fields that induced Stark shifts and were correlated with LO−phonon coupling. Single CdSe core/shell particles at room temperature were found to exhibit a similar correlation between spectral linewidth and spectral position. 66, 67 In these works, the correlation between spectral position and linewidth were considered in the context of rapid spectral diffusion. However, we have previously established that rapid spectral diffusion is negligible at room temperature. 21 Our new results suggest that the linewidth variations measured in Nano Letters single nanocrystals are instead a result of changes in exciton− phonon coupling, perhaps due to charges on the surface or perhaps simply due to differences in the surface structure of dots, altering the internal electric fields. A tool such as S-PCFS, which can measure single-NC spectral properties over an entire sample batch, was necessary to make this connection because the properties of individual particles can be so varied. Consideration of the permanent dipole of nanocrystals has a profound impact on the optimization of spectral linewidths nanocrystals of different compositions. One may expect that nanocrystals with crystal structures lacking a spontaneous polarization, such as zincblende or rock salt, would not have permanent dipole moments. However, due to the imperfections in nanoparticle growth, polar facets often result and dipole moments can exist. 68 Measurements on zincblende CdSe core/ shell particles indicate that they have similar single-NC spectral linewidths as their wurtzite counterpart (see Supporting Information). Moreover, these considerations should hold for the lead chalcogenide particles as well. Despite predictions that LO−phonon coupling should be extremely weak in these particles, 40 ,41 truncation of the structure and asymmetry in the orientation of polar facets result in strong internal dipoles that can lead to strong exciton−phonon couplings, as in CdSe. 69 This may be the mechanism responsible for the broad spectra observed in single PbS nanocrystals. 70 S-PCFS studies performed on these lead chalcogenide particles would confirm the breadth of the single-NC linewidth.
Efforts to precisely determine the size dependence of exciton−phonon coupling in nanocrystals are stymied by the fact that a confluence of factors such as localized charges, surface reconstruction, and the piezoelectric effect contribute to changes in the local electric fields that govern LO−phonon coupling. We suspect that differences in sample preparation that were unable to normalize for all of these effects may have been at the root of experimental discrepancies regarding exciton−phonon coupling in the literature. 22, 23 Moreover, determining the size dependence of exciton−phonon coupling in colloidal quantum dots may not even be a meaningful endeavor since the crystalline nature of these nanoparticles prevents such categorization.
Though exciton−phonon coupling appears to be the dominant source for the single-NC linewidth variations that we have observed, emission from multiple fine-structure states is expected have a non-negligible contribution to the spectral breadth (see Supporting Information). Unfortunately, efforts to determine the precise contribution of the fine structure are complicated by the fact that fine-structure splittings are sensitive to both the size and shape of the particle. 57, 58, 71, 72 A Herculean effort appears to be in order to determine the precise effects of the fine structure. Temperature-dependent S-PCFS studies must be performed on core/shell particles of different sizes, shell thicknesses, and aspect ratios. Detailed structural studies and spectral lineshape modeling must then complement the spectroscopic measurements to provide a clear picture.
We can estimate the contribution of the exciton fine structure to the single-NC linewidth by calculating the brightstate energy splittings 36 scaled by the Boltzmann factor. For small splittings, the fine-structure contribution to the linewidth is approximately the energy separation itself. For large splittings, the energy splitting should not contribute to any broadening. We plot in Figure 5 the larger of the Boltzmannweighted energy splittings between the three bright finestructure levels as a function of size and ellipticity for CdSe nanocrystals. This calculation shows that the narrowest single-NC linewidths are achieved for certain aspect ratios where the fine structure contributes the least to linewidth broadening. Most strikingly, particularly for the larger nanocrystals, the optimal aspect ratio is an elongated particle. This is in agreement with the observation in ref 33 that the sample with the narrowest single-NC linewidth contained elongated core/ shell particles.
We leave the reader with several design principles for optimizing the spectral breadth of the nanocrystal emission. First, the particles must be made as monodisperse as possible. Second, the particles should have surfaces that are perfectly passivated, relaxed, and balanced in their stoichiometry. Passivation eliminates surface traps that broaden the spectrum and surface relaxation, reconstruction, and stoichiometry minimize the internal dipole. For core/shell particles, the shell material should have no lattice mismatch with the core. Finally, the particles should be at the perfect aspect ratio such that for any given size, the exciton fine structure contributes as little as possible to the single-NC linewidth.
The ultimate limit of our design principles is illustrated in CdSe colloidal nanoplatelets, which have the narrowest linewidths observed in semiconductor nanostructures. 73 First, inhomogeneous broadening does not exist because the nanoparticle surface orthogonal to the confinement direction is atomically perfect. 74 Additionally, these surfaces are relaxed with no further reconstruction necessary, thereby minimizing the internal dipole. Combined with the fact that wave function overlap is maximized in the confinement dimension because the particles are only a few monolayers thick, these particles have extremely low LO−phonon coupling. 75 Lastly, the splitting between the light-hole and heavy-hole transitions is so large that upper bright states cannot contribute to the emission spectrum. 76 As shown in Figure 6 , the spectral correlation for an ensemble of CdSe nanoplatelets is narrower than the singleparticle spectral correlation measured using S-PCFS for colloidal quantum dots of similar emission energy. Figure 5 . Heatmap of the estimated contribution of fine-structure states to the spectral linewidth as a function of the particle size and aspect ratio. It is calculated as the maximum energy separation between bright fine-structure states scaled by the Boltzmann factor (ΔE = dE·e
, where dE is the energy difference and k B T is the available thermal energy). The y axis corresponds to the ellipticity, c, of the dot (defined by a/b = 1+ c, where a and b are the major and minor axes, respectively), whereas the x axis is the radius of the quantum dot.
Letter Finally, we note that colloidal nanoplatelets of CdS have been synthesized 76 with significantly broader emission spectra than their CdSe counterparts. 51 Additionally, these CdS nanoplatelets have noticeably large Stokes shifts while CdSe nanoplatelets have essentially no Stokes shifts. Combining the fact that CdS has strong LO−phonon coupling 50 with the knowledge that the Stokes shift is typically an indication of net exciton−phonon coupling 23 further reinforces the importance of LO−phonon coupling to the breadth of single nanostructures. 51 In this work, we have used Solution-PCFS to study the single-nanocrystal emission linewidth of particles of varying size, shell composition, and shell thickness. From these measurements, we have considered the importance of various mechanisms responsible for broadening the single-NC linewidth. In particular, LO−phonon coupling and fine-structure splittings have the most dramatic effect on linewidth broadening and can be controlled by altering the nature of the nanoparticle surface and the aspect ratio of the particle. With this knowledge, we have outlined several general design principles for the rational optimization of emission linewidths for emissive semiconductor nanostructures as a whole.
Methods. Details of the S-PCFS setup and analysis used in this work can be found in ref 33 and its Supporting Information. Conceptual and theoretical understanding of the S-PCFS technique can also be found in refs 21, 31, and 32.
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Details of the nanoparticle synthesis, a simple calculation of the effect of fine-structure states on spectra, and a comparison of wurtzite and zincblende QDs. (PDF) Figure 6 . Spectral correlation of the ensemble spectrum of fivemonolayer CdSe nanoplatelets is compared with the single-NC spectral correlations, measured using S-PCFS, of core and core/shell CdSe quantum dots of similar absorption wavelength of similar absorption wavelength.
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